Emerging smart antenna systems require different beam patterns of multiple antennas. Although adjustable phase shifters are mostly used in continuousbeam systems, the Butler matrix is used in switching-beam systems due to its low cost and easy fabrication. In this study, an antenna-array-feeding circuit based on the Butler matrix that can be used for Multiple Input Multiple Output applications is designed for 5G new radio. With the proposed switching system, the control of four beams can be achieved. The Butler circuit, designed to cover the 3.5-4.2 GHz 5G band, has a low complexity and is capable of meeting the need for high data throughput. A simulation of the circuit and circuit sub-elements designed using a 0.508-mm-thick substrate material is performed using the Computer Simulation Technology Microwave Studio computer-aided design tool. Furthermore, a prototype of the Butler circuit is fabricated, and the amplitude and phase variations at the output ports are measured. An average transmission loss of the feed circuit is measured as 1.5 dB, and when the length of the Phase Shifter in the circuit is set to λ/8, with a four-element linear array added to the output of the Butler circuit, the main beam is steered to ±15o and ±35o having maximum gain in the 6.39-8.77 dBi range.
Introduction
Wide bandwidths are critical in modern wireless communication applications. Today, communication systems such as LTE need broadband operation for a high data rate transmission. Broadband LTE consists of multiple narrow-band signals. Multiple input-multiple output (MIMO) systems have recently been used in modern wireless systems. These systems use the spatial diversity technique consisting of multiple transmitter and receiver antennas. With this technique, the channel fading effects are minimized, and the channel capacity is increased [1] [2] .
The transition from 4G to 5G mobile network is expected to occur in the next 10 years [3, 4] . Due to constantly increasing network speed and capacity requirements, research has been conducted in many countries to implement the 5G wireless broadband technology. The wide range of services, frequencies, and application areas make 5G new radio precious. In addition to low and high frequencies, medium frequencies (1 GHz-6 GHz) are planned to be used as well. Within this band, the 3.5-4.2 GHz range is defined as the new radio 5G medium band, and it includes both licensed and unlicensed frequency bands.
Multi-beam antennas help to improve the transmission quality and increase the channel capacity by reducing the interference and multi-path fading in wireless communication systems. The beam-shaping techniques that provide unique beams for beam switching or beam steering have become an indispensable element of intelligent antenna systems. The Blass [5, 6] , Nolen [7, 8] , and Butler matrices [9, 10] are analog solutions that generate multiple beams by selecting input excitation. Among them, the Butler matrix is a widely used beam former for the antenna array applications, such as multi-beam antenna systems. Butler circuits have been used in many beam-switching array systems due to their simple design, low cost, and easy fabrication [11] [12] [13] [14] . The size of branch-line couplers in the Butler circuit makes its incorporation with monolithic mi-Content of this journal is licensed under a Creative Commons Attribution-NonCommercial 4.0 International License. Türker Tokan N. Array Antenna Feeding Network Design crowave integrated circuits complicated and expensive. To overcome the size disadvantage of branch-line coupler, a number of approaches have been proposed [15] [16] [17] .
In this paper, an antenna-array-feeding network based on the Butler matrix is designed for MIMO applications of 5G new radio. The Butler matrix is used to shape the beam in a phased array antenna system. N beams are generated by feeding N antennas with a Butler network having an N input-N output. Since 90 o hybrid couplers are used in the Butler network, complexity increases with an increase in the number of beams. Therefore, the most commonly used structure to obtain an acceptable beam scanning angle is 4×4 Butler network. It is possible to direct the main beam to ±45 o and ±15 o by placing radiating elements with a half-wavelength distance. It is also possible to direct the beam to a different angular direction by controlling input phases and distance between the elements. The spatial resolution can be improved by increasing the number of beams. For this, a higher order Butler matrix should be used (N=8, 16, . . .). However, an increase in the degree of the Butler matrix will lead to a higher power loss. Moreover, the requirement of extra crossover elements in the network will make the design difficult.
The Butler circuit, designed to operate in the 3.5-4.2 GHz 5G band, is capable of meeting the need for high data throughput [18] . In this study, a wideband 4×4 Butler circuit is designed for medium frequencies of 5G new radio. In Section 2, the designed Butler circuit and structures used in the circuit are introduced. Simulation results of wideband hybrid coupler and crossover elements are also given in this section. All simulations are performed using the CST Microwave Studio (CST GmbH, Darmstadt, Germany.), a computer-aided design tool using a finite-integration technique. The measurement results of the designed circuit are given in Section 3. In Section 4, the beam-steering capability of the Butler circuit is demonstrated with an application example based on a four-element linear antenna array.
Butler Matrix Design
The 4×4 Butler matrix consists of two wideband crossover, four wideband 3 dB hybrid couplers, and four phase shifters. Rogers 3003 with a thickness of 0.508 mm and a dielectric constant of ε r =3 is used as substrate material. The conductive material on both sides of the dielectric is copper with a thickness of 17 μm. In the design of the Butler circuit, microstrip transmission line is used. Input and output ports of the circuit are designed to be compatible with 50 .
Performance of the Butler matrix is directly related with the performance of the elements it contains. Thus, the simulation and optimization of each circuit element was made separately and then combined. The CST Microwave Studio was used for the optimization of the designed structures.
Wideband Hybrid Coupler Design
The coupler is the most important circuit element in the Butler circuit since there are four in the circuit and by cascading two of them, a crossover is formed. The bandwidth of a 90 o hybrid coupler can be increased by using two-section branch-line technique instead of the standard coupler architecture [19] . The strip width is set to 1.24 mm at the input-output ports to be compatible with 50Ω. Ports of the symmetrical four-port structure are shown in Figure 1 . While the narrow-band hybrid coupler contains λ/4 transmission lines, line lengths obtained as a result of optimization for broadband operation are given in the figure. The width of the side lines are determined to have characteristic impedance. For the transition, lines with characteristic impedance are used at sides, and 35Ω is used in the middle. The amplitude and phase response of S-parameters obtained when the circuit is fed through Port 1 is given in Figure 2 . Due to the symmetrical structure of the circuit, results obtained from other ports are not shared.
In the 3.5-4.2 GHz band, power is divided evenly between the second and third port. The coupling parameter is approximately 3dB throughout the entire band. The isolation at the forth port and return loss at the first port are below 15 dB. Figure  2b shows that the phase difference between the output ports (Ports 2 and 3) is 90 o .
Wideband Crossover
A wideband crossover can be achieved by combining two wideband couplers [20] . A crossover is used at the intersection points to prevent combination of the signals. Thus, the main function of the crossover is to allow the signal flow to the transversal port and ensure isolation with adjacent ports. A wideband crossover structure was formed by combining the broadband 3 dB coupler introduced in Section 2.1. The crossover circuit is shown in Figure  3 .a. The variation of S-parameters is given in Figure 3 .b. It can be seen that the isolation between Port 1 and Port 2 is below 25 dB, and the isolation between Port 1 and Port 4 is below 18 dB. Furthermore, the coupling ratio between transverse ports (Port 1 and Port 3) is close to 0 dB throughout the entire band.
Wideband Butler Matrix Design
The 4x4 Butler circuit, which is formed by the use of four wideband hybrid power dividers, four phase shifters, and two wideband crossovers, is given in Figure 4 . Phases of the output ports can be controlled by the use of two phase shifters (Phase Shifter 1 left , Phase Shifter 1 right ). In addition, positions and phases of the antenna array elements can be adjusted by the length of 50 transmission lines, leading to output ports (Phase Shifter 2 left , Phase Shifter 2 right ). Figure 5 .a shows the amplitude variation of the S-parameters for the wideband Butler circuit. The variation of output phases for the case when Phase Shifter 1 left =Phase Shifter 1 right =λ/4 is demonstrated in Figure 5 .b. When the circuit is fed from Port 1, the isolation between Port 1 and other input ports (Ports 2-4) is below 14 dB, and the coupling between Port 1 and output ports (Ports 4-8) is approximately 6 dB (±1.5 dB). Thus, the Butler circuit divides the transmitted input power to approximately four. Output phases vary linearly with frequency. Output phases can be controlled by using the phase shifters generated by transmission lines.
Measurement Results
To measure the amplitude and phase response of the Butler circuit, a prototype is fabricated with the LPKF ProtoMat H100 printed circuit board production machine. The measurement setup is shown in Figure 6 . An expanded view of the fabricated prototype is given in the inset. A SubMiniature version A (SMA) connector compatible with impedance is soldered to each port. S-parameters of the antenna are measured with the Anritsu vector network analyzer. During measurement, coaxial cables from the analyzer are connected to the two ports to be measured, while all other ports are terminated with matched loads to avoid reflection. Figure 7 shows return loss at the input ports and coupling at the output ports. Since the simulation results were given in the previous section, they are not shared with measurement results to prevent complexity. Due to the symmetrical structure of the circuit, similar results are obtained by feeding the circuit from Port 1 and Port 4. Also, it is the case for Port 2 and Port 3. Thus, only the results obtained when the circuit is fed from Port 1 and Port 2 are included in Figure 7 . The similarity between simulation and measurement results can be observed by comparing Figure 5 and 7 .
An Application Example: Vivaldi Array Fed by Butler Circuit
In this section, an application example for the use of the Butler circuit for beam steering will be demonstrated. A four-element linear antenna array will be placed to the output ports of the Butler circuit, and the main beam of the array will be steered to different angular directions with the excitation of input ports. For this purpose, a modified version of the commonly used Vivaldi antenna is used. A Vivaldi antenna is preferred due to its complete planar geometry and the possibility to feed it with a microstrip line.
Modified Vivaldi Antenna Design
The Vivaldi antenna is a widely used ultra-wideband antenna that has many practically applications. Due to its planar structure, it can be easily integrated with ultra-wideband sensor circuits. It has an almost symmetrical radiation pattern in E-and H-planes. Theoretically, due to its exponentially tapered slotted structure, the Vivaldi antenna has unlimited bandwidth. However, in practice, it has a limited band as a result of its physical constraints, such as the expansion rate of the slot, the slot line width, and the transition from the feed line.
A well-known disadvantage of a classic Vivaldi antenna is its reduced directivity at low frequencies. By increasing the aperture size of the antenna, a better impedance matching and effective radiation can be achieved at low frequencies. Another solution is adding slots with varying lengths to increase the aperture of the antenna [21, 22] . The corrugated profile formed by adding slots to the two sides of the exponentially tapering provides a better characteristic (high gain, wider band) compared to the Vivaldi antenna, especially in microwave imaging applications [23] . For these reasons, a modified Vivaldi antenna with rectangular slots of varying lengths was used instead of a standard Vivaldi antenna.
The proposed Vivaldi antenna consists of a microstrip feed line, microstrip line to slot line transition, and the radiating structure. It is designed to operate as a receiver and transmitter in the 3.5 GHz-12 GHz (1: 3.4 bandwidth) frequency band. The slot curve of the Vivaldi antenna is an exponential function expressed by (1) The size of the Vivaldi antenna is 25mmx55mm. The design uses the Rogers 3003 laminate (ε r =3) with 0.508 mm substrate and 17 µm copper. The distance between the rectangular slots, the width of the slots, and the length of the slots are also shown on the antenna. The distance between the slots and the width of the slots remain the same, whereas the length of the slots decreases toward the aperture. In simulations, it was observed that an increase in the number of slots changes the direction of the current at the edges and cause extra resonance. Slots at the edges act as a resistive load and contribute to the radiation by directing the wave to the slot line region. This improves the radiation characteristics of the Vivaldi.
The reflection behavior of the corrugated Vivaldi antenna is expressed in terms of S11. Figure 8 shows the variation of the reflection coefficient with frequency. Return loss is less than 10 dB in the frequency range 3.5 GHz-12 GHz. The frequency band of the antenna includes the 3.5-4.2 GHz band for the 5G The structure of the modified Vivaldi antenna is shown in Figure 8 together with its dimensions as the inset. The change in the gain of the antenna within this band is 0.2 dB. The gain pattern in E-and H-planes at the center frequency (max. gain, 6.1 dBi) is shown in Figure 9 .
Four-Element Vivaldi Array Fed by the Butler Matrix
Since the Butler circuit is an ideal feeding network for beamswitched array systems [11] [12] [13] [14] , it is designed for 5G medium frequencies as a feeding network for the four-element linear corrugated Vivaldi array. The distance between the elements is 25, 60, and 25 mm, respectively. The transmission line at the output ports of the Butler circuit is in the microstrip form resulting in an uncomplicated connection with the Vivaldi antenna feed. Both the Vivaldi antenna and the Butler circuit use Rogers 3003 with 0.508 mm thickness. The ports are compatible with 50Ω. In Fig. 10 , the four-element Vivaldi array with the Butler feeding network is shown. The outer dimensions of the circuit are 135 mm×155 mm. Figure 11 shows the normalized radiation patterns of the corrugated Vivaldi array at 3.75 GHz obtained by excitation of different input ports. Since the beam steering is at plane, only E-plane patterns are demonstrated. Asymmetry in the patterns is due to the balun used for impedance matching in the corru-gated Vivaldi. Table 1 lists performance parameters of the radiation patterns. When the radiation patterns are observed, it can be seen that the main beam is steered to and by the excitation of Ports 1 and 4, respectively and main beam is steered to and by excitation of Ports 2 and 3, respectively. Considering the 3dB beam widths of the patterns given in Table 1 , it can be concluded that with a four-element corrugated Vivaldi array fed by the proposed Butler circuit, half of the semi-sphere is scanned with a maximum gain of the pattern varying between 6.39 and 8.77 dBi.
Conclusion
MIMO systems with more than one user require a system that can create multiple beams in different directions. The Butler circuit is one of the most commonly used circuits for beam steering. In this work, a wideband Butler circuit compatible with planar geometry is introduced for beam-switching circuits to control the main beam direction. A 4×4 Butler circuit is designed for MIMO applications operating in 5G new radio me- dium frequencies and is simulated with a full-wave simulation tool. Simulation results showed the amplitudes between -6 dB and -8 dB at the outputs of the Butler circuit. Output phases of the Butler circuit can be controlled by the use of phase shifters for beam steering. The Butler circuit is fabricated and measured. The measurement results show similarity with the simulation results. In addition, with an application example on the usage of Butler circuit as the feed network of a four-element linear array, the beam-steering capability of the designed circuit is demonstrated.
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